Background. Little is known about the incidence and etiology of healthcare-associated infections in immunosuppressed children. Methods. Data collected prospectively between 1983 and 2008 were used to analyze changes in the rate, types of infection, and infecting organisms over time in patients treated at a children's cancer hospital. Neutropenia was evaluated as a risk factor. Results. Over the 26-year study period, 1986 healthcare-associated infections were identified during 1653 hospitalizations. The infection rate decreased significantly from 5.6 to 2.0 infections per 100 discharges (P < .01) and from 9.0 to 3.7 infections per 1000 patient-days (P < .01). Bloodstream infections were the most common type of infection (32.7% of all infections). Staphylococci (46.4% of Gram-positive bacteria), Escherichia coli (36.7% of Gram-negative bacteria), and Candida spp. (68.7% of fungi) were the most common pathogens isolated. An absolute neutrophil count (ANC) nadir <100 per mm 3 was significantly
during a hospitalization has not been assessed as a risk factor for healthcare-associated infections (HAIs).
An estimated 1.7 million HAIs occur annually in the United States [5] . These infections account for significant morbidity, mortality, and cost. Although it is acknowledged that immunosuppression and myelosuppression are important risk factors for the development of HAIs, data on the incidence and etiology in persons with cancer are sparse [6] . Reports from the 1980s suggested that the incidence of HAIs in children with cancer was variously 6.3 per 1000 patient-days [7] , 9.3 per 100 discharges [8] , or 11.7 per 100 admissions [9] . Similar rates ranging from 4.8 to 17.7 HAIs per 1000 patients-days were reported from studies in the 2000s in Europe, although the numbers of patients studied were small [10, 11] . No published studies have assessed changes in the incidence and etiology of HAIs in patients with cancer over time. Here we present a comprehensive assessment of 1986 HAIs prospectively collected over a 26-year period between 1983 and 2008 at a pediatric cancer hospital. Based on the known association of low ANC with infections in general [4] , ANC nadir was assessed as a risk factor for the more specific category of HAIs.
METHODS

Infection Control Program
SJCRH is an independent biomedical research facility with a free-standing hospital dedicated to advancing cures and means of prevention for catastrophic diseases. The SJCRH Infection Control Program has continuously operated under the direct supervision of a single person (B. F. W.) with a consistent set of guidelines and definitions since 1983 (Table 1) . Continuous, hospital-wide, "whole house" infection surveillance, including daily chart-based review of all inpatient medical records and all positive microbiology laboratory reports, is the primary strategy used to minimize, reduce, or eliminate prioritized infectious risks to patients. Culture-negative HAIs (eg, many surgical-site or respiratory-tract infections) are identified through chart review of daily notes and relevant reports. Data on HAIs are recorded daily for every inpatient, collated, and then reported monthly. Healthcare-associated infections are stratified by service and underlying disease into 5 categories: bone marrow transplant; acute myeloid leukemia; acute lymphoblastic leukemia or lymphoma; solid tumor; and other diagnoses, including sickle cell disease, human immunodeficiency virus infection; and other hematologic disorders.
Data Collection
Data on HAIs were prospectively collected on paper forms as part of routine infection control surveillance on patients admitted to SJCRH between 1 January 1983 and 31 December 2008. Analysis of these data was approved by the Institutional Review Board of SJCRH. Healthcare-associated infections were defined as infections that developed after 48 hours of hospitalization when the interval between admission and onset of symptoms was greater than the incubation period of the disease and when there was no evidence that the infection was present or incubating on admission. The type of HAI was assigned according to Centers for Disease Control and Prevention/National 
Statistical Analyses
We used a regression model with autoregressive and moving average (ARMA) errors to assess the trend of yearly infection rates. This method accounts for the potential correlations among the time-series data by modeling the error terms with an ARMA structure. Akaike's information corrected criterion was used to select the best models among several ARMA structures, including AR(1), AR(2), MA(1), MA(2), ARMA(1,1) and ARMA(2,2). We did not explore structures higher than ARMA(2,2) due to the relatively small number of years under study. The maximum likelihood method was used to estimate parameters. We fit binomial regression models with logit link to investigate the association between infection per discharge rate and its explanatory variables, including ANC (dichotomized as < or >100 per mm 3 ), length of stay, and duration at ANC nadir. To test whether ANC was an independent risk factor for HAIs, likelihood ratio tests were performed between models with and without an ANC in the presence of length of stay and duration at ANC.
Analyses were performed with the statistical software R 2·12·0. The functions gls() and glm() were used for the time series and binomial model fitting, respectively. Results are reported with 2-tailed P values or 95% confidence intervals (CIs). 
RESULTS
Infection Rates
Type of Infections
In the 26 years studied, 1349 patients experienced 1986 HAIs during 1653 hospitalizations. Bloodstream infections were the most common type of HAI identified, accounting for 32.7% of all infections (Table 2) . Approximately one-sixth of bloodstream infections were fungemias. Bloodstream infections were more common in transplanted patients and those with acute myeloid leukemia, accounting for more than 40% of infections, whereas surgical-site and urinary-tract infections were most prevalent in patients with solid tumors. Respiratory-tract infections were prominent in the most immunosuppressed and myelosuppressed patients, accounting for 23.0% of all infections in transplanted patients and 19.3% in patients with acute myeloid leukemia. The rates of skin and soft tissue, disseminated, urinary-tract, and surgical-site infections all decreased over time, whereas the rate of bloodstream and gastrointestinal infections did not demonstrate a similar trend ( Figure 2C ).
Etiology of Infections
Gram-positive bacteria were the most commonly identified causes of HAIs in this study, accounting for 39.2% of the 2116 infectious diagnoses (Table 3 ). Blood and surgical sites were the most common sites for Gram-positive infections, and healthcareassociated C. difficile accounted for the majority of gastrointestinal infections (Supplementary Figure 1) . Gram-negative bacteria were common causes of both bloodstream and urinary-tract infections. The majority A, The HAI rate per 100 discharges is stratified by underlying diagnosis or service. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BMT, bone marrow transplant; NHL, non-Hodgkin lymphoma. B, Number of discharges per year is stratified by service. C, The HAI rate per 100 discharges is shown stratified by type of HAI. D, The HAI rate per 100 discharges is stratified by class of organism. Abbreviations: BSI, bloodstream infection; GI, gastrointestinal infection; SSI, surgical-site infection; SST, skin and soft tissue infection; SYS, systemic (disseminated) infection; UTI, urinary-tract infection. of systemic infections were due to dissemination of fungal organisms. Viruses were found almost exclusively in respiratory and gastrointestinal infections. No causative organism could be defined for 436 infections, primarily respiratory and surgical-site infections. The rates of Gram-negative bacterial and fungal infections decreased over time, whereas the rate of Gram-positive bacterial infections remained constant ( Figure 2D ). The decreases were largely due to reductions in the frequency of urinary-tract and disseminated infections ( Figure 2C ). The rate of infections in which no organism could be identified also decreased, and detection of viruses as causes of infections increased in the last decade due to improved technologies. Most infections in which no organism could be identified were classified as respiratory, surgical site, or skin and soft tissue ( Supplementary  Figure 2A) , and no service was over-represented (Supplementary Figure 2B) . Polymicrobial infections accounted for 5.2% of the infections: 2 organisms 
Absolute Neutrophil Counts
The ANC nadir during a hospital admission was a risk factor for developing an HAI. Patients with a lowest-recorded ANC <100 per mm 3 during an admission had a rate of infection per 100 discharges more than 3 times higher than those with a higher ANC nadir (Table 4) . Length of stay was also greater in patients with an ANC nadir <100 per mm 3 . The ANC (P < .0001), length of stay (P < .001), and duration at ANC (P < .0001) showed significant associations with the infection per discharge rate. The effect of ANC on infection rate remained significant (P < .0001) after controlling for length of stay and duration at ANC. Further analysis after stratification by ANC <100 per mm 3 demonstrated that the ANC nadir predicted significant risk of an HAI for all cancer-related services but not for patients with other diagnoses (Table 5) . This risk manifested for all types of infections except other, urinary-tract, and surgical-site infections and was most prominent for disseminated infections. All classes of organisms were identified as causative agents of HAIs more commonly when the ANC nadir was <100 per mm 3 , although viruses and fungi in particular were rarely found in patients with an ANC >100 per mm 3 . Thus, ANC nadir is a useful marker for predicting patients at risk for HAIs, and, to some extent, the causative organism.
DISCUSSION
Opportunities to acquire HAIs increase as patients live longer and undergo more intensive treatments for cancer. As many of these infections are considered preventable, benchmark data would be valuable as a Total discharges in 12 selected years stratified by whether patients reached the specified ANC nadir during their hospital admission.
baseline for intervention studies and to identify opportunities for improvement [13] . However, reliable baseline data on rates of HAIs are not available for immunosuppressed patients [6, 14] . This is likely due to a number of factors: limited numbers of such patients at a single institution, changes in practice over time making longitudinal comparisons difficult, and reluctance to publicize HAI data due to a fear of negative publicity. This report is the largest and most comprehensive description of HAIs in immunosuppressed patients published to date. In addition to providing benchmark data, we demonstrate that the rate of HAIs can be reduced over time through sustained application of infection-control policies, despite increases in both patient volume and the intensity of treatment leading to immunosuppression and myelosuppression.
Our data demonstrate a sustained rate of HAIs in a highly immunosuppressed and myelosuppressed population that is lower than the rate estimated for the general population of the United States. The mean HAI rate in this report for the last 5 years (2004-2008) is 1.9 HAIs per 100 discharges or 3.2 HAIs per 1000 patient-days, whereas the estimated rate for all U.S. hospitals is 4.5 per 100 admissions or 9.3 per 1000 patient-days (from 2002 data) [5] . It is illuminating, in this context, to note that in recent studies the mortality rates from bloodstream infections in cancer patients were lower than comparable data in immunocompetent persons [15, 16] . This has been attributed to the aggressive, protocol-driven approaches of oncologists to prevention and empiric treatment of infection [17, 18] .
The reasons for this sustained downward trend in HAIs are likely multifactorial, encompassing changes to the physical structure of the hospital, strong and sustained leadership with support from administration, improvements in the practices of healthcare workers, and provision of prophylactic antifungal and antibacterial agents to high-risk patients ( Table 1) . The construction of a new patient care center and the transition of all inpatient beds to that facility in August of 1995 is the most notable event that impacted infection control. Improvements to air quality, barrier isolation options, patient, visitor and employee flow within the facility, accessibility of hand hygiene stations, and the ease with which decontamination of rooms could be accomplished were all facilitated through specific design elements of the new building. An important advance was the opening of new surgical suites in 1996, which halted the practice of transporting patients to a local adult hospital for most surgeries. The addition to the institution of dedicated surgical staff, who were subject to our infection-control policies, coupled with changes in the postoperative care of urinary catheters likely contributed to the sustained decrease in urinary-tract infections ( Figure 2C ) and Gram-negative bacterial infections ( Figure 2D ) that are evident throughout this period. This downward trend continued despite incremental improvements in blood-culture systems, viral detection methods including polymerase chain reaction, other laboratory diagnostics, and surgical techniques including interventional radiology that have combined to limit in recent years the number of HAIs for which no organism could be determined ( Figure 2D ).
In general, compliance with infection-control policies has been high at SJCRH. This is evidenced by an annual influenza vaccination rate of 80%-96% in the last 7 years and hand hygiene and personal protective equipment compliance rates that are currently >90% ( [19] and data not shown). However, no specific intervention or single policy can be shown to account for the steady, sustained improvement in rate of HAIs that has been demonstrated here. In our opinion, the major factor reducing the HAI rate over this 26-year period was structured implementation of evidence-based, general infection control practices coupled with high compliance. The major finding of this study is that these sustained reductions in HAIs were seen over time. Although no formal analysis was done that related this reduction to the adoption of any specific policies, it did occur during a period of general application of accepted infection-control principles (Table 1 ). This suggests that our findings are generalizable and that similar results could be obtained at other institutions if currently recommended practices are rigorously adhered to over a sustained period of time.
The ANC of a hospitalized patient with cancer has been recognized as a prognostic marker for the development of infections [4, 20] , but a relationship between severe neutropenia and development of HAIs has not previously been assessed. The rate of infections increases below defined thresholds, with <500 neutrophils per mm 3 of blood typically accepted as a marker of increased risk requiring empiric therapy of febrile episodes [20] . We found that an ANC <100 per mm 3 at any time during a hospitalization was a strong indicator of HAI risk for most types of infection and for all types of organisms (Table 5 ). This risk was evident for all underlying cancer-related diagnoses and was independent of length of stay. Previous studies have shown that HAI rates are higher for acute myeloid leukemia than acute lymphoblastic leukemia, and for allogeneic transplants than autologous transplants, and that these differences were related to the duration of neutropenia (using 1000 neutrophils per mm 3 as a marker) [7, 11, 21] . Another study found that an ANC <500 per mm 3 did not predict an increased risk of HAI, but it did not assess other breakpoints [10] . We propose that severe neutropenia manifest as an ANC <100, but not lesser degrees of neutropenia, be considered a risk factor for the development of HAIs. This may guide future prognostic study of interventions to prevent HAIs in patients with cancer. Some caveats about the generalizability of our findings can be made. The study population was exclusively children, who were treated at a dedicated facility experienced with immunosuppressed and myelosuppressed patients. There are few extant data about HAIs in children with cancer for comparison. Although our policy to include C. difficile HAIs only if they were detected >7 days after admission may have decreased our overall rates, gastrointestinal infections are a relatively rare cause of HAIs compared with other types of infections [5] , and the overall incidence of C. difficile-associated diarrhea at our institution is low (eg, 2.3 total cases per 100 discharges in 2008). It must also be noted that some evolution of NHSN guidelines and definitions occurred over time and that we followed these updates, which may have led to some discontinuities in the longitudinal data. The strengths of the study include the large number of patients and the consistent application of definitions under the direction of a single person over a long study period. We conclude that sustained decreases in the rate of healthcare-associated infections in immunosuppressed and myelosuppressed children are possible through dedicated application of general infectioncontrol principles.
